We report a meta-analysis of data from 34 field studies into the effects of UV-B radiation on Arctic and Antarctic bryophytes and angiosperms. The studies measured plant responses to decreases in UV-B radiation under screens, natural fluctuations in UV-B irradiance, or increases in UV-B radiation applied from fluorescent UV lamps. Exposure to UV-B radiation was found to increase the concentrations of UV-B absorbing compounds in leaves or thalli by 7% and 25% (expressed on a mass or area basis, respectively). UV-B exposure also reduced aboveground biomass and plant height by 15% and 10%, respectively, and increased DNA damage by 90%. No effects of UV-B exposure were found on carotenoid or chlorophyll concentrations, net photosynthesis, Fv/Fm or ΦPSII, belowground or total biomass, leaf mass, leaf area or specific leaf area (SLA). The methodology adopted influenced the concentration of UV-B absorbing compounds, with screens and natural fluctuations promoting significant changes in the concentrations of these pigments, but lamps failing to elicit a response. Greater reductions in leaf area and SLA, and greater increases in concentrations of carotenoids, were found in experiments based in Antarctica than in those in the Arctic. Bryophytes typically responded in the same way as angiosperms to UV-B exposure. Regression analyses indicated that the percentage difference in UV-B dose between treatment and control plots was positively associated with concentrations of UV-B absorbing compounds and carotenoids, and negatively so with aboveground biomass and leaf area. We conclude that, despite being dominated by bryophytes, the vegetation of polar regions responds to UV-B exposure in a similar way to higher plant-dominated vegetation at lower latitudes. In broad terms, the exposure of plants in these regions to UV-B radiation elicits the synthesis of UV-B absorbing compounds, reduces aboveground biomass and height, and increases DNA damage. 
UV-B absorbing compounds in leaves or thalli by 7% and 25% (expressed on a mass or area basis, 23 respectively). UV-B exposure also reduced aboveground biomass and plant height by 15% and 10%, 
33
The reasons for the disparate results from these studies are presently unclear. One potential 34 factor is the differences between studies in the methodologies used to alter the dose of UV-B radiation 
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Of the 46 publications that were considered for inclusion, 12 did not meet the above criteria 4 and were hence excluded from the analyses. The 34 studies that met the criteria, and which were hence 5 included, are listed in Appendix 1. Thirty two species of bryophyte and angiosperm were represented in 6 the analysis (Appendix 1). In order to enable comparisons between studies, only commonly-measured 7 parameters were analysed. These included acclimation responses, such as the synthesis of UV-B 8 absorbing compounds (putative flavonoids) in leaves or thalli, measures of biomass and growth (above-9 , belowground and total biomass, height, individual leaf mass, total leaf area and specific leaf area) and 10 indications of DNA damage, measured as the accumulation of cyclobutane pyrimidine dimers (CPDs).
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In addition to changes in the concentrations of photosynthetic pigments such as chlorophylls and 12 carotenoids, three measures of photosynthetic physiology were included, viz., net photosynthetic gas 13 exchange (P n ) and the two chlorophyll fluorescence parameters that measure phototosynthetic yield,
14
Φ PSII and F v /F m (Appendix 1).
15
In order to avoid bias towards studies that report multiple measurements of the same 16 parameter, a mean value of each parameter was calculated for each plant species in each publication.
17
The exceptions to this were when measurements had been made at more than one location in the same 18 study or in different years. In cases where two levels of elevated UV-B radiation were applied, mean 
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The mean value of each parameter in treatment plots and control plots was determined, and in which the stated level of n is several times higher than that reported in previous studies using the 9 same experimental facility, were excluded from the weighted analyses.
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As in previous meta-analyses ( 
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We did, however, include data from reports that used both formulations of the generalised plant action 37 spectrum, either that of Green et al. (1974) x-axes in the regression analyses referred to above, treating these as supplemental studies. To aid 3 visualisation of the data, the inverses of the untransformed response ratios for screen studies were 4 entered into these analyses. Data for two parameters (height and specific leaf area) were removed from 5 the regression analyses, since, in each case, there were less than four levels of the predictor variable 6 against which to regress the response ratios. In addition, the duration of the UV-B treatment (in days) 7 was used as a predictor for untransformed response ratios in regression analyses. Linear and quadratic 8 regressions were used to determine the associations between response ratios and UV-B PAS exposure.
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Results
11
Effects of UV-B exposure
12
Weighted and unweighted meta-analyses indicated a significant influence of UV-B exposure on ln R 13 for concentrations of UV-B absorbing compounds, expressed on a mass basis, with a mean increase of 14 7.4% in plant tissues sampled from treatment plots, relative to those from control plots ( 
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Both methods of analysis showed that UV-B exposure significantly decreased ln R for 22 aboveground biomass (Table 1) (Table   4 1): unweighted analyses showed that the exposure of plants to UV-B radiation under screens led to a 5 16.9% reduction in this parameter (n = 5; Fig. 2b ). In contrast, no effect was recorded on belowground 6 biomass when plants had been exposed to UV-B radiation under fluorescent UV lamps (Fig. 2b) . It 7 should be noted, however, that the number of observations for this response was low (n = 2).
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Effects of plant form 10 Unweighted and weighted analyses both indicated that the response ratios for UV-B absorbing 11 compounds expressed per unit of leaf area differed between bryophytes and angiosperms ( Table 1) 
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However, neither response ratio was significantly different from zero (data not shown).
23
Effects of region
24
Unweighted analyses indicated different response ratios for carotenoid concentration in studies based in 25 the Arctic and Antarctic (Table 1) . There was no effect of UV-B treatment on ln R for carotenoid 26 concentrations in plant tissues in the Arctic (n = 9, P>0.05), but ln R for concentrations of these 27 pigments increased by 17.1% in Antarctic studies (n = 6; Fig. 2d ). Unweighted and weighted analyses 28 showed there to be an effect of region on ln R for SLA, with the former analyses also indicating an 29 effect on total leaf area ( Table 1 ). The response ratios for these parameters did not differ from zero in
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Arctic studies (n = 10 and 14, respectively, both P>0.05), but were respectively reduced by 25.3% and 
33
Unweighted analyses also showed there to be a marginally significant effect of region on ln R for total 34 biomass (Table 1) , with a mean increase of 8.5% in this parameter in Arctic studies, but a 10.4% 35 decrease in Antarctic studies. However, neither response ratio was significantly different from zero 36 (data not shown). Although there was no main effect of region on plant height (Table 1) , separate 37 analyses indicated that there was a significant 8.9% reduction in height when plants had been exposed 38 to UV-B radiation applied from lamps simulating 15% ozone depletion in Arctic studies (n = 10; 39 unweighted analyses P<0.01, weighted P<0.05; data not shown).
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The percentage difference in UV-B PAS dose between treatment and control plots was a significant 2 predictor for four untransformed response ratios ( Table 2 ). The response ratio for concentrations of 3 UV-B absorbing compounds, expressed per unit of mass, was positively associated with the difference 4 in UV-B PAS dose between control and treatment plots (Table 2 ). There were consistent increases and 5 decreases in the response ratios for these pigments in non-manipulative and screen studies, respectively 6 (Fig. 3a) . The association between the two variables was best described by a quadratic function (Fig.   7   3a) . In lamp experiments, the range in response ratios for UV-B absorbing compounds was 8 considerable, varying between 0.7 and 1.2, compared with the ranges for screen and non-manipulative 9 studies of 0.8 to 1.0 and 1.1 to 1.4, respectively (Fig. 3a) . A linear association was found for 10 concentrations of carotenoids: there was a positive association between the response ratios for the 11 concentrations of these pigments and difference in UV-B PAS dose, with unweighted analyses indicating 12 significant 22.7% increases in the concentrations of these pigments in non-manipulative studies, but 13 lamps and screens having no effect on carotenoid concentrations (Fig. 3b) . Aboveground biomass was 14 negatively and linearly associated with the difference in UV-B PAS dose between treatment and control 15 plots (Fig. 3c) . Both unweighted and weighted analyses indicated that shielding plants from UV-B 16 radiation under screens significantly increased aboveground biomass by 27.5%, while exposure to UV-17 B from lamps had no significant effect on this parameter (Fig. 3c) . Leaf area was also negatively 18 associated with difference in UV-B PAS dose, with unweighted and weighted analyses both indicating a 19 significant 34.5% increase in the response ratio for this parameter when UV-B was removed from solar 20 radiation with screens, but no effect on the ratio when supplemental UV-B radiation had been applied 21 from lamps (Fig. 3d ).
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One significant association between the duration of exposure to UV-B radiation and 23 untransformed response ratios was recorded: the ratio for carotenoid concentration decreased linearly 24 with the length of exposure to UV-B radiation (Fig. 3b, inset) 
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Similar results were found in the current study when data were analysed using weighted or 6 unweighted meta-analyses. This was most probably owing to the similar level of replication used in 7 most of the lamp and screen experiments analysed here, which usually employed a modest level of 8 replication, with typically three or four control or treatment plots used in each study. As in previous 14 Another factor that constrained our ability to detect effects on the response ratios was the low number indicate that weighted analyses were not possible since data from non-manipulative studies could not be included. See Fig. 1 for abbreviations. were significantly different from zero in unweighted analyses (* P<0.05, ** P <0.01 and *** P<0.001). All response ratios indicated as significantly different from zero were also significant at P<0.05 in weighted analyses, including that for leaf area. Numbers of observations for each parameter are shown in Table 1 . Abbreviations: UV-Bac mass and UV-Bac area, UV-B absorbing compounds expressed per unit of mass and area, respectively; carots, carotenoids; chl, chlorophyll;
Fv/Fm, maximum quantum yield of PSII; ΦPSII, actual quantum yield of PSII; Pn, net photosynthesis; AGB, BGB and TB; above-, belowground and total biomass, respectively; SLA, specific leaf area; CPDs, cyclobutane pyrimidine dimers. 209x296mm (500 x 500 DPI) Fig. 2 The influence of categorical variables on untransformed response ratios for (a) UV-B absorbing compounds expressed per unit of mass, (b) belowground biomass, (c) UV-B absorbing compounds expressed per unit of area, (d) carotenoids, (e) leaf area and (f) specific leaf area. Where 95% confidence interval bars do not cross the horizontal dotted lines, natural logarithmtransformed response ratios were significantly different from zero in unweighted analyses (* P<0.05, ** P <0.01 and *** P<0.001). All response ratios indicated as significantly different from zero were also significant at P<0.05 in weighted analyses. See Table 1 for P values from unweighted analyses, indicating effects of categorical variables on response ratios. Abbreviation: non-manip, non-manipulative studies. 209x296mm (500 x 500 DPI) Table 2 for details of regression analyses. Significant differences, from unweighted analyses, between the natural logarithm-transformed response ratios for each method and zero are indicated by * P<0.05, ** P <0.01 and *** P<0.001 in (b)-(d). All significant effects were also significant at P<0.05 in weighted analyses, except that in (b), which could not be analysed in this way. See Fig. 2a for the significance of effects of UV-B exposure on the response ratios shown in (a). Inset in (b) is association between untransformed response ratios for carotenoid concentration and duration of exposure to UV-B radiation. angiosperm; S, screen; NM, non-manipulative; L, lamp; ht, height. See Fig. 1 for other abbreviations.
